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Abstract 
Neutron scattering techniques, in particular polarized neutron reflectometry (PNR), small-angle scattering and 
diffraction, are very powerful tools for characterizing the magnetic structures of artificially layered films from the 
micron down to the atomic scale. PNR experiments are able to resolve the depth distribution of magnetic moments, 
neutron diffraction allows an experimental measurement of atomic ferro- or antiferromagnetic order and neutron 
small-angle / off-specular scattering probes magnetic domain states of films with thicknesses on the nanoscale. This 
paper will review the current state-of-the-art and present striking examples that illustrate the usefulness of neutron 
scattering in magnetic thin film research. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of MRS-Taiwan 
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1. Introduction 
Artificially structured magnetic thin films or multilayers in the sub-micron range are of high scientific 
interest for fundamental and technological reasons [1]. The exploration and understanding of such 
spatially confined materials relies on sophisticated experimental techniques, well adjusted in capability to 
the system under consideration [2]. In this report, we will present striking examples underlining the 
capability of neutron scattering techniques in the investigation of thin stratified media. Due to the 
interaction of the intrinsic magnetic moment of the neutron with the magnetic moments in the sample, 
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magnetic structures of thin films and multilayers can be investigated on atomic to several Pm length 
scales.
As a first example, we will present an analysis of magnetic interfaces in epitaxial mono-stoichiometric 
FePt3 multilayers comprising an artificial modulation of the chemical order [3]. In this system, a 
controlled modulation of the growth temperature leads to an artificial alteration of antiferromagnetic 
(AFM) and ferromagnetic (FM) FePt3 layers, which in turn results in a large exchange bias effect.  
The investigation of the magnetic state of this compositionally homogeneous multilayer imposes a 
challenge to the experimental technique, since magnetic sensitivity on atomic and nanometre length 
scales is required without relying on chemical contrast. Two neutron scattering techniques have unique 
capabilities: Polarized neutron reflectometry (PNR) is the technique of choice to tackle the magnetic 
behavior of buried layers. High-angle neutron diffraction is the only technique, which is directly sensitive 
to ferro- and especially antiferromagnetic order on atomic length scales in the bulk of the film. 
A different task arises if the magnetic structure under investigation not only varies normal to the 
interfaces of the thin film, i.e. along the depth, but also in the plane of the film or multilayer, i.e. parallel
to the interfaces. Such laterally extended structures can have crucial influence on the overall magnetic 
behavior of the system, as we will present using the example of Cu0.94Mn0.06/Co multilayers. Due to the 
lateral variation of the magnetic Mn impurity spins in the Cu spacer layer, a complicated 3D domain 
structure is formed which we will elucidate by off-specular neutron small-angle scattering. 
2. Artificial modulation of chemical order and magnetism in FePt3
The compound FePt3 has the extraordinary property to form ferromagnetic and antiferromagnetic 
phases, only depending on the ordered distribution of the chemical constituents onto the lattice. The 
crystalline structure is similar to Cu3Au, which is a prototype for chemical order/disorder transitions. The 
chemically ordered phase (order parameter S=100%), is achieved by magnetron sputtering film growth 
above Tdep = 850K. Here, the film crystallizes in the face-centered-cubic (fcc) like L12 structure in which 
an antiferromagnetic orientation of respective Fe spins is found below a Nèel temperature of 160K [4]. In 
this structure, Fe carries a moment of 3.3PB (extrapolated to 0K) on (110) alternating ferromagnetic 
subsheets. Lowering of the growth temperature leads to chemical disorder being introduced in the 
structure. The chemically fully disordered phase, while still crystallizing in fcc symmetry, but with 
random distribution of Fe and Pt, shows ferromagnetic properties. One can obtain a multilayer with 
layered epitaxial phases of FM and AFM FePt3 by alternating the growth temperature between 873K 
(ordered growth) and 673K (disordered growth). Using this approach, we deposited a [200Å FePt3 (S = 
89% AFM)/100Å FePt3 (FM)]x5 multilayer, which shows a unique form of self exchange bias [3]. In a 
further study, single films of a particular degree of chemical order were prepared by setting the growth-
temperature to a particular value between 873K and 673K [5]. 
2.1. High angle neutron diffraction 
In order to investigate the magnetic order of the multilayer on an atomic length scale, high angle 
neutron diffraction was performed, using the triple axis spectrometer TAIPAN (Australian Nuclear 
Science and Technology Organisation, Sydney) and IN12 (Institute Laue Langevin, Grenoble) to detect 
elastic diffraction of fixed wavelength (TAIPAN: O = 2.35Å, IN12: O = 3.141Å) neutrons. 
Antiferromagnetic order along the (110) subsheets of the fcc crystal could be confirmed by the 
observation of a half order Bragg reflection along the (½ ½ 0) direction [Fig. 1 (a)]. 
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Fig. 1. High angle neutron diffraction as a function of temperature: (a) AFM Bragg peak of chem. ordered/disordered multilayer 
measured with IN12; (b) AFM Bragg peak of thin film FePt3 (S=83% chem.. order);  (lines in (a) and (b) are Gaussian fits to the 
data;) (c) Integrated AFM peak intensity of (a) and (b) as a function of temperature. 
Figure 1 shows the comparison of antiferromagnetic reflection observed in a thin film (2800Å) FePt3
with 83% chemical order (no multilayer modulation) and the AFM/FM FePt3 multilayer. The AFM 
reflections have been measured as a function of temperature and the integrated peak intensity determined 
by fits with Gaussian functions. The result, shown in Fig. 1(c), reveals a difference in Nèel temperature, 
the temperature below which the AFM reflection is observed, for the multilayer and thin film. The thin 
AFM layer in the multilayer being less thermally stable and therefore lowering TN can explain this. 
2.2. Polarized neutron reflectometry 
A layer resolved magnetic characterization of the [200Å FePt3 (S = 89% AFM)/100Å FePt3 (FM)]x5 
multilayer  was performed using the PNR technique (NERO, Helmholtz Zentrum Geesthacht, Germany). 
A determination of the spin dependent neutron reflectivity of the sample as a function of momentum 
transfer along the surface normal (QZ = 4S/O sin(T), T = incident angle) enables the separation of 
structural and magnetic information along the depth of the multilayer. In such measurements, the 
difference in reflectivity of spins along the magnetization (R++) and spins antiparallel (R--) to the 
magnetization reveal not only the averaged moment, but also allows to reconstruct a detailed magnetic 
depth profile of the multilayer. Figure 2(a) shows measurements taken at different temperatures, revealing 
the increase in ferromagnetic moment below the Curie temperature TC of around 300K. The PNR 
measurements were carried out under a magnetic field of 1T, which is saturating the sample. Aside from 
the increase in splitting between the R++ and R-- signal, indicative for the ferromagnetic transition of the 
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FM layers and the increase in total moment, a weak first order Bragg arises below 300K. The position in 
QZ of this Bragg peak corresponds well to the nominal periodicity of the multilayer structure and 
indicates the depth separation of the FM and AFM phases.
Fig. 2. Magnetic temperature behavior of FePt3 chem. ordered/disordered multilayer. (a) PNR taken at different temperatures, 
showing the evolution of the 1st order Bragg peak (lines are fits to the data); (b) Magnetization as a function of temperature, as 
determined by neutrons (filled triangles), averaged over the layer resolved magnetization (blue, red squares) and VSM (open 
triangles); (c) Reconstruction of the spin-dependent scattering-length-density as function of temperature from data shown in Fig. 
2(a). 
Further analysis of the reflectivity via simulations using the program SIMULREFLEC [6], reveal the 
detailed depth-resolved magnetization structure of the multilayer, shown as a scattering length density 
(SLD) profile in Fig. 2(c). The spin-dependent reflectivity measurements demonstrate that, due to the 
incomplete chemical ordering, a small FM moment arises in the AFM layer as well, which is quantified 
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by the difference in the regions 4 (chemically ordered, AFM layer) and 5 (chemically disordered, FM 
layer) of Fig. 2(c). Region 1 identifies the substrate SLD, 2 a 50Å seed layer and 3 and 6 a 200Å Pt buffer 
and 100Å capping layer, respectively. The increase in FM moment in the individual layers is plotted as a 
function of temperature, where the multilayer averaged magnetic moment is compared to magnetometry 
measurements performed with Vibrating Sample Magnetometry (VSM). 
Apart from the magnetic modulation, no structural periodicity is included in the simulations, indicated 
by the flat centreline in Fig. 2(c). Thus, above the Curie temperature, the multilayer is best described as a 
single 1500Å thick epitaxial FePt3 film, which evolves its AFM/FM multilayer character only below 
300K. 
While the temperature behavior of the magnetic depth-profile already provides a detailed view of the 
magnetic structure of the multilayer, a different approach can be made by PNR measurements as a 
function of external field (Fig. 3). 
Fig. 3. Magnetic hysteresis behavior of FePt3 chem. ordered/disordered multilayer. The centre graph shows the hysteresis measured 
by VSM at 30K. Symbols on the hysteresis data correspond to particular fields were PNR data were taken (red symbols: decreasing
field, green symbols: increasing field). The red and green symbols mark the corresponding PNR data sets. The black dotted lines in 
the PNR data sets indicate the location of the first order Bragg reflection. The red and blue lines are fits to the PNR data. 
The centre graph of Fig. 3 shows a hysteresis curve (VSM) at 30K, from which bulk averaged 
magnetizations and the exchange bias value can be determined. PNR measurements at different external 
fields, resembling different positions on the hysteresis curve, can be used to evaluate the particular 
magnetic structure in each state of the magnetization process. The top left graph of Fig. 3 shows PNR 
493 Thomas Saerbeck and Frank Klose /  Procedia Engineering  36 ( 2012 )  488 – 495 
measurements taken on the high-to-low field branch. The magnetic moment, determined by simulations, 
follows the magnetization of the hysteresis very well and further reveals a similar behavior of the 
magnetization in the ordered and disordered layer. The measurements on the ascending branch of the 
hysteresis furthermore confirm the regions of negative magnetization (green circle in Fig. 3) as well as the 
zero crossing at the coercivity value (green square of Fig. 3). The PNR hysteresis not only confirms the 
magnetic periodicity of the superlattice via the first order Bragg peak (dotted line), but also identifies the 
continuous remagnetization process of the FM phase in each branch of the hysteresis curve. 
3. 3D Magnetic structure of Cu0.94Mn0.06/Co
For the remainder of this report we focus on a different multilayer system highlighting the possibility 
of 3D vector analysis of magnetic structures. While the previous section concentrates on the potential of 
PNR to resolve depth-dependent magnetic structures, we now discuss the evaluation of lateral magnetic 
structures parallel to the interfaces in the plane of the sample. Such lateral structures, as for example 
magnetic domains, break the in-plane translational symmetry and lead to so called off-specular neutron 
scattering. 
The system under consideration is a [Cu0.94Mn0.06(19Å)/Co(21Å)]x30 multilayer fabricated by 
magnetron sputtering, in which the dilute concentration of magnetic Mn impurities in the Cu spacer layer 
leads to a unique temperature dependent interlayer exchange coupling behavior [7]. At room temperature, 
a first order Bragg peak and large magnetic spin splitting occurs in the PNR data (not shown) which 
reveals FM alignment of subsequent Co layers, the multilayer periodicity and interface roughness. Upon 
cooling below 100K, this FM alignment is broken and adjacent Co magnetizations start to open into a 
canted state where subsequent layers comprise an opening angle I. Figure 4(a) shows the resulting 
specular reflectivity at 30K as a function of the incident angle Di of the neutron beam in a low external 
guide field of 7mT, which is needed to maintain the neutron polarization. In addition to the structural/FM 
1st order Bragg peak in the R-- channel, a half order peak has raised in the so called spin flip channels R+-
= R-+ at Di = 1.6°. Such spin flip describes a change of polarization from the incoming to the outgoing 
neutron spin state during the scattering process, which arises due to finite projections of magnetizations 
on the axis perpendicular to the incoming neutron spin [8]. The half order position of the signal indicates 
an alternating alignment of subsequent Co layer magnetizations in an AFM fashion, which doubles the 
magnetic multilayer periodicity. Therefore, the detection of a half order spin flip signal is a clear 
indication for deviations of a collinear alignment of Co magnetizations into a canted state. A quantitative 
evaluation of the magnetic structure is however only possible under consideration of the full 2D scattering 
profile as a function of incident angle Di and scattered angle Df. Figure 4(b) shows a contour plot of the 
reflectivity as a function of these variables and reveals a substantial off-specular scattering in regions with 
DiĮDf around the AFM half order Bragg peak. 
Such diffuse intensities around the specular ridge have their origin in scattering from magnetic 
domains in the plane of the sample. Simulations of the off-specular scattering have been performed using 
the distorted wave Born approximation for off-specular neutron scattering [Fig. 4(b)] [9], which revealed 
the formation of canted, laterally separated magnetic domains with an averaged width of 0.43Pm along 
the direction of the neutron beam. The magnetization in each domain is canted by an angle ±I/2=30° for 
subsequent layers to account for the antiferromagnetic character with finite projection perpendicular to 
the neutron spin direction. 
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Fig. 4. PNR of Cu0.94Mn0.06/Co in a canted domain state at 30K in 7mT external field. (a) Specular PNR showing the FM Bragg peak 
in the R-- channel and the AFM half order Bragg peak in the R-+ and R+- channels (lines are fits to the data); (b) Measured off-
specular scattering around the half order peak (left) and simulation (right). The simulation has been offset along the x-axis for clarity 
reasons. The dotted line in the experimental data indicates the specular reflectivity ridge; (c) Schematic of the canted domain
structure showing two domain configurations canted by an angle 'J = ±30° in two subsequent Co layers (Cu0.94Mn0.06 layers are 
omitted for clarity reasons). 
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A schematic of such a 3D domain state is shown in Fig. 4c, with magnetizations mA and mB in each Co 
layer enclosing an angle I while the individual orientation of the magnetization varies laterally across the 
multilayer in 0.43Pm domains (m*A and m*B). The layer averaged magnetization still lies collinear with 
the external guide field and neutron polarization direction, creating the splitting between R++ and R-- and 
the first order FM Bragg peak. 
4. Summary 
In summary, we have shown the unique capabilities of neutron scattering techniques in investigations 
of magnetic structures and moments from atomic to Pm length scales. In addition to detailed information 
on the nuclear and chemical structure of the thin film or multilayer, magnetic information can be obtained 
with unmatched precision and depth/lateral resolution.   
High angle neutron scattering comprises a high sensitivity to magnetic structures, especially atomic 
antiferromagnetic structures via the occurrence of half order Bragg diffraction reflections. The observed 
intensities are directly related to the magnitude of the atomic magnetic moment, which can be traced in 
temperature until close to the Nèel temperature. 
Polarized neutron reflectometry, on the other hand, due to the small momentum transfer at low angles 
of incidence, probes magnetic periodicities on nanometre length scales and reveals the layer average and 
depth distribution of magnetic moments. Measurements in changing external conditions lead to a real 
space model of the magnetization processes in individual layers and can be used to formulate a 
quantitative description of this process.  
In addition, off-specular polarized neutron scattering can be observed in the case of lateral (structural 
or magnetic) periodicities or domains. We presented the analysis of a complicated magnetic structure 
consisting of ±30° canted layer magnetizations which are extending column like trough the stack of the 
multilayer in antiferromagnetic fashion and laterally distributed in a domain pattern. 
References 
[1] S.D. Bader and S.S.P. Parkin, ARCMP 1, 71 (2010). 
[2] S.D. Bader, Rev. of Mod. Phys. 78, 1 (2006). 
[3] T. Saerbeck et al., Phys. Rev. B 82, 134409 (2010).  
[4] S. Maat et al., Phys. Rev. B 63, 134426 (2001).  
[5] T. Saerbeck et al., to be published.  
[6] Program and description available from http://www.llb.cea.fr/prism/programs/simulreflec/simulreflec.html. 
[7] T. Saerbeck et al., Phys. Rev. Lett. 107, 127201 (2011). 
[8] H. Zabel et al., in “Handbook of Magnetism and Advanced Magnetic Materials”, H. Kronmueller and S.S.P. Parkin (eds.), 
John Wiley and Sons Ltd., Vol 3 (2007). 
[9] B.P. Toperverg, private communication.
